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The panB gene from Escherichia coU^ encoding the first en^e of the pantothenate biosynthesis pathway, 
ketopantoate hydroxymetbyltransferase (KPHMT), has been isolated by functional complemenUtion of u panB 
mutant strain with an £, coli genomic Ubrary. The gene U 792 bp long, encoding a protein of 264 anUno acids 
with a predicted of 28,179, The identity of the gene product as ketopantoate hydroiymethyltransferase was 
confirmed by purification of the eniyme protein, which was overexpressed approximately SO-fokl in the muUnt 
harboring the gene on a higb-copy-numbcr plasmid. The N-tenninal amino add sequence of the purified 
protein was found to be identical to that predicted from the gene sequence, as was iU mass, determined by 
electrospray mass spectrometiy. Upstream of the panB gene Is an Incomplete open reading fnme encoding a 
protein of 220 amino acids, which shares sequence simihirily to fimbrial precursor proteins from other 
bacteria. Northern (RNA) analysis showed that the panB gene is likely to be cotranscribed with at least one 
other gene but that this is not the putative fimbrial protein, since no transcripts for this gene could be detected. 



Pantothenic acid is the precursor of coenzyme A. It is 
synthesized by microorganisms and plants but not mammals, 
which require it as part of their diet. The three-step pathway 
to pantothenic acid has been studied in microorganisms 
(4, 15, 16) and is shown in Fig. 1. The first committed step is 
the formation of ketopantoate from a-ketotsovalerate, cata- 
lyzed by the enzyme ketopantoate hydroxymethyltrans- 
ferase (KPHMT; 5,10-methylene-tetrahydrofolate:a-keto- 
isovalerate hydroxymethyltransferase, EC 2.1.2.11). KPHMT 
has been purified to homogeneity from wild-type Escherichia 
coli by Teller et al. (28). 

Pantothcnate-requiring £. coli mutants were first gener- 
ated in the early 1950s by UV irradiation (15, 16) and indeed 
were instrumental in establishing the precise biochemical 
pathway of pantothenate synthesis. Thus, the panB mutant, 
which is completely lacking in KPHMT, requires ketopan- 
toic acid, pantoic acid, or pantothenic add for growth (7). 
With conjugational crosses and phage transduction, the 
panB gene was shown to be closely linked to the genes for 
two other enzymes, pantothenate synthetase and aspartate 
1-decarboxylase (designated /uinC and panD, respectively), 
and they have been mapped on the £. coli chromosome at 
3.1 min (6). In order to study pantothenate synthesis in £. 
coli more thoroughly, we decided to isolate the panB gene 
and to characterize its gene product. In this paper we 
describe the isolation and characterization of the gene and 
the overexpression and purification of the encoded enzyme. 
This is the first reported sequence of a gene on the panto- 
thenate pathway. 
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MATERIALS AND METHODS 

Strains and plasmlds. £. coli Hfr3000 YA139, a panB 
mutant derivative of £. coli K-12 (6), was used to isolate the 
panB gene by functional complementation. The mutant was 
grown on GBl minimal medium (13.6 g of KH2PO4 [pH 7.0], 
2 g of (NH4)3S04. 4 g of glucose, 0.25 g of MgS04, 0.25 jig 
of FeS04, 5 mg of vitamin Bi, and 5 mg of pantothenic acid 
per liter, £. coli K-12 was used for the generation of an £. 
coli genomic library and for enzyme assays. The £. coli 
strain XLl-Blue (Stratagene) was used for the propagation of 
plasmids. The vector pBluescript M13 (pKS') was from 
Stratagene and was used for all cloning experiments. 

DNA manipuUtions. All restriction enzymes were pur- 
chased from Boehringer, and digestions were performed 
under the conditions recommended by the manufacturer. T4 
DNA ligasc and calf intestinal phosphatase were also from 
Boehringer, and plasmid manipulations were carried out by 
the method of Sambrook et al. (24). The isolation of DNA 
fragments for subcloning after electrophoresis in agarose 
(Bio-Rad) was carried out as previously described (24), as 
were transformations in the presence of calcium chloride. 
Alkaline minipreparations of DNA were prepared by the 
method Bimboim and Doly (2). Cesium chloride purifica- 
tions of DNA were carried out by the method of Sambrook 
et al. (24). 

Generation of unldirecttonal exonudease III deletions. Exo- 
nuclease III deletions of the plasmid pCEJOl were per- 
formed with exonuclease III and mung bean nuclease pur- 
chased from Stratagene in the form of a kit. The reactions 
were carried out by a method described in the pBluescript 
Exo/Mung DNA sequencing system instruction manual. 

DNA sequence analysis. All the components for DNA 
sequence analysis were purchased in the form of a kit from 
United States Biochemical Corp.; Sequenase 2.0 was used 
for sequencing, and reactions were carried out by meth- 
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ods recommended by the manufacturer. [a-^^S]dATP (3,000 
Ci/mmol) was purchased from Amersham International, 
Electrophoresis was on buffer gradient gels (I). Analysis 
of DNA and amino acid sequences were performed with 
Staden programs (26) and Genetics Computer Group analy- 
sis software package version 7.0 (8). panB-spccific oligonu- 
cleotide primers used to sequence part of the frag;ment were 
obtained from the Protein and Nucleic Acid Chemistry 
Facility, Department of Biochemistry, University of Cam- 
bridge. 

Northern (RNA) analysis. Total cellular RNA was pre- 
pared from log-phase cultures of £. coU strains by the 
method of Duncan and Coggins (9) and purified on cesium 
chloride gradients to remove contaminating DNA. It was 
glyoxylated and electrophorcscd on 1,2% agarose gels be- 
fore being blotted onto Gene Screen Plus nylon filters 
essentially as described by Sambrook et al. (24). Blots were 
prehybridized for 3 h in 1% sodium dodecyl sulfate (SDS)-1 
M Naa-10% dextran sulfate at 60*C and then hybridized at 
the same temperature overnight with radiolabelled probe in 
fresh hybridization buffer. Blots were washed twice for 30 
min in 2x SSC (1 x SSC is 0.15 M NaQ plus 0.015 M sodium 
citrate)-l% SDS at 60*'C and then autoradiographed at 
-70"C for 1 to 7 days. Probes were fragments of DNA 
excised from agarose gels and radiolabelled with [a-^^P] 
dCTP (3,000 Ci/mmol; Amersham International) by the 
random oligonucleotide method of Feinberg and Vogelstcin 
(11). 

PAGE in the presence of SDS. Polyacrylamide gel electro- 
phoresis (PAGE) was carried out in the presence of SDS by 
the method of Laemmli (14) with a 15% running gel and a 5% 
stacking gel. 

Enzyme assays. Enzyme assays for KPHMT were per- 
formed in the reverse direction with ketopantoate as a 
substrate and by measuring the amount of formaldehyde 
produced with the Nash reagent, as described by Teller et al. 
(28). Ketopantolactone, used to prepare the substrate keto- 
pantoate for the enzyme assay, was synthesized by the 
method of Ojima et al. (18). 

Puriflcation of KPHMT. The purification procedure was 



based on that described by Teller ct al. (28) and used 
identical buffers and the same method for crude cell lysate 
preparation. However, the column matrices used were 
sli^tly different, and the chromatography was performed 
with a Pharmacia fast-protein liquid chromatography sys- 
tem. A 750-ml culture of the E. colipanB mutant containing 
plasmid pCEJOl was grown overnight at 3T'C, and cells (7 to 
15 g [wet weight!) were harvested by centrifugation at 8,000 
X g for 15 min. They were resuspended in 14 ml of buffer A 
(50 mM KH2PO4 [pH 6.8], 1 mM EDTA, 10 mM 2-mcrcap- 
toethanol) and lysed by sonication. After removal of debris 
by centrifugation at 15,000 x g for 30 min, the crude lysate 
was applied to a DEAE-Sepharose anion-exchange column 
(28 by 2.6 cm; Pharmacia) equilibrated in buffer A and eluted 
with a salt gradient (0.2 to 0.5 M KCl). The fractions 
containing KPHMT activity were concentrated by bringing 
to 70% anmionium sulfate saturation. The pellet was recov- 
ered by centrifugation at 15,000 x g for 15 min and resus- 
pended in 400 ^1 of 100 mM KH2PO4 (pH 6.8)-l mM 
EDTA-10 mM 2-mercaptoethanol and dialyzed against the 
same buffer. The sample was applied to a Superose 12 
HRlO/30 column (Pharmacia) and elutcd in the same buffer. 
KPHMT-containing fractions were heated to 80"C for 5 min, 
and denatured proteins were removed by centrifugation. 
KPHMT remained in the supernatant. Protein concentration 
was determined by the method of Bradford (3). 

N-tenninal amino add determination. The N-terminal 
amino acid sequence of the purified KPHMT was deter- 
mined by the Protein and Nucleic Acid Chemistry Facility in 
the Department of Biochemistry. University of Cambridge. 

Electrospray mass spectrometry. Electrospray mass spec- 
trometry was performed on a VG BioQ mass spectrometer. 
Samples containing approximately 200 pmol of protein were 
applied in 10 jil of MeOH-HzO-acetic acid (50:50:1) at a flow 
rate of 4 (il/min. 

Nucleotide sequence accession number. The sequence of 
the 1.7-kb EcoKX-Sall fragment containing the panB gene 
has been deposited at EMBL under accession number 
X65538. 
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TABLE 1, Assays for KPHMT activity in crude lysalcs of E. coU 
wild type, panB mutant, and ppnB mutant harboring 
various plasmids 



E, coU strain 


Spact 


Relative 


and plasmid 


(jtinol roin~' mg"*) 


sp act 


K-12 


0.007 


1 


HfrSOOO YA139 


0.0 


0 


Hfr3000 YA139/pSAL38 


0.666 


95 


Hfr3000 YA139/pCEJ01 


0.348 


50 


Hfr3000 YA139/pCEJ02 


0.162 


23 


Hfr3000 YA139/pCEJ03 


0.0 


0 


Hfr3000 YA139/pCEJ04 


0.0 


0 



RESULTS 

Isolation of the E. coU panB gene. The E, coli panB gene 
was isolated by functional complementation of £. coli 
HFr3000 YA139, which carries the panB mutation and lacks 
KPHMT activity (6). Cells of the mutant were made compe- 
tent, transformed with an £. coli £coRI genomic plasmid 
library, and plated out onto minimal media containing ampi- 
cillin but no pantothenic acid. Twenty-three colonies (of a 
total of 1,100 transformants) grew and so presumably had 
restored KPHMT activity. Six were taken for further anal- 
ysis, and each was shown to contain a plasmid with an insert 
of 2.5 kbp. Crude lysatcs of E. coli HfrSOOO YA139 harl>oring 
the clones were assayed for KPHMT activity by the method 
described by Teller et al. (28) and showed levels of KPHMT 
activity 20- to 100-fold higher than wild-type £. coU K-12 
(Table 1). One of the isolated plasmids, designated pSAL38, 
was chosen for further subcloning and sequencing. 

Restriction mapping of pSAL38. The restriction map of 
pSAL38 is shown in Fig. 2. Four subclones (pCEJOl to 
pCEJ04) were prepared on the basis of the restriction map 
and used to retransform E. coli Hfr3000 YA139. Only clones 
pCEJOl and pCEJ02 were able to complement the panB 
mutation, allowing the mutant to grow in the absence of 
pantothenate. Enzyme assays for KPHMT on crude cell 
lysates with all four clones confirmed the functional comple- 
mentation results (Table 1). The smallest clone, pCEJOl, 
contained a 1.7-kb £coRI-5a/I insert. This was sequenced in 
both directions by the Sanger dideoxy chain termination 
method (25). 
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FIG. 2. Restriction map and subcloning strategy for plasmid 
pSAL38. pCEJOl to pCEJ04 were subcloncd from pSAL38 into 
pBluescrtpt. The diagrams also shows a series of nested deletion 
clones (pC£J013 to pC£J020) generated by cxonuclease III deletion 
from the £coRI end of plasmid pCEJOl. El, fcoRI; Sm, Sma\\ B, 
Bgn\ S, 5fl/l; K,Acc\\ P, /Vull; EV, fcoRV; Sc. 5cal; C, Cla\. 



Nodeotide sequence of the panB gene. The nucleotide 
sequence of the 1.7-kb £coRI-5fl/I fragment containing the 
panB gene is shown in Fig. 3. Analysis of the sequence with 
the STADEN nucleotide interpretation program (version 
4.1) revealed two open reading frames (ORFs) transcribed 
from the same strand. All other reading frames had multiple 
stop codons. The first ORF, which is not complete, is 660 bp 
in length, and the second is 792 bp. 

A series of eight nested deletions from the £coRI site of 
the 1.7-kb insert of pCEJOl (Fig. 2) were generated with 
cxonuclease III as described in Materials and Methods. 
Transformation of Hfr3000 YA139 with these clones sug- 
gested that the panB gene lay within the second ORF of 792 
bp, since deletions which interrupted this ORF did not 
complement the mutation. The orientations of the ORFs are 
such that the gene must be transcribed from its own pro- 
moter, as the promoters of the ampicillin resistance and lacZ 
genes in the vector would transcribe the other strand. 

A putative ribosome binding site (AGGA, overiined on 
Figure 3) is situated 7 bp upstream of the ATG start codon of 
the panB gene. A putative promoter sequence (boxed in Fig. 
3) which starts 35 bp 5' to the initiating ATG codon was 
identified by its similarity to the consensus -35 and -10 
sequences (13), although clearly its authenticity cannot be 
confirmed without functional analysis. 

Sequence comparison of the first ORF with the PIR28 data 
base (11.6.1991) found that there were short stretches (30 to 
80 amino acids) which had 30 to 50% sequence similarity 
with the sequences of fimbrial protein precursors of Kleb- 
siella pneumoniae^ Serratia marcescens. Salmonella typh- 
imumany £. co/i, and HaemophiUs influenzae (12, 17, 22, 29, 
30), suggesting that this sequence codes for all or part of a 
fimbrial protein precursor. 

Northern analysis. In order to determine whether cither, or 
both, of the ORFs encoded by CEJOl was part of an opcron. 
Northern analysis was carried out. Figure 4 shows the result 
of probing RNA extracted from log-phase cultures of E. coli 
K-12 and Hfr3000 YA139 with probes internal to ORFl and 
the panB gene (a 475-bp HincU-Smal fragment and a 530-bp 
AflUhPvull fragment, respectively). It is clear that in both 
wild-type and mutant strains, a major band of 1.9 kbp is 
detected with the panB gene-specific probe. Since the coding 
region of the panB gene is less than 800 bp, it is likely that it 
is cotranscribcd with at least one other gene. However, this 
is not the putative fimbrial protein encoded by ORFl, since 
on an identical blot, no message is detectable for this gene 
(Fig. 4). Even when the blot was overexposed (for 7 rather 
than 2 days), no signal was observed, suggesting that ORFl 
is not expressed in log-phase cultures growing in rich media, 
supporting previous observations (19). The fact that an 
identical message for panB is present in the mutant and 
wild-type cells, and in approximately the same amount, 
suggests that the defect carried by Hfr3000 YA139 is likely to 
be a point mutation in the coding region. 

Purification of KPHMT overexprcssed in Hfl-3000 YA139 
cells. In order to confirm the identity of the second ORF as 
the panB gene, the protein which it encodes was overcx- 
pressed and purified, and the N -terminal sequence was 
determined. The construct with clone pCEJOl in Hfr3000 
YA139 showed levels of KPHM 50-fold higher than those of 
the wild type in enzyme assays (Table 1). Furthermore, 
SDS-PAGE analysis of total soluble protein from the mutant 
harboring plasmid pCEJOl showed the presence of a prom- 
inent band of 29,000 Da, which was absent in the mutant 
alone, or indeed from £. coU K-12 cells (Fig. 5). KPHMT 
was purified to homogeneity from the transformed cells by a 
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1 cJtTTCTATACACATACAAiKriTWTCa^ 

FYTDTNPDPTVTQQIKLSSSeNYLYSPKA 

91 TATOOCOCAOOCCAAOGTAWAATWJCATAOT^ 

yOAGQOINBHSYPIKIDPDLLNVKLTHPTC 

181 TrrAcc(xrrAT(KrTTA<m»JiCTTCT<rro^ 

F TAMLSCTSVTGSTVKMCEYSAEQ I RNGAT 

371 cCOTTCCTTTTCATATTTOWrr^ 

PVPFDISLQNCVRVTNIBTKLVSTKVGTEN 

361 OG<XAACTWITGGTAATACTCTOCAGCrr 

OQLLCNTLTCHDAAKGVGVLIEOLATSKHP 

451 CTAATGACATTOW^CCTAATCATKyUUVT^^ 

LMTLKPNDSNSVYKDYDPROKDDTTGOVYP 

541 GATCAAGATWrAGGTATAACATACCCTCTCCATTTCC^ 

DQDTGITYPLHPQATLQQDCTIPIEAGEFK 

63 1 GCCACCACTACrmCACCTAACCTACCCTTAATAACn^CAC^ 
ATSTPQVTYP Stop 

721 ACCAATXmwi(rrorf^n53CCA0OCAACACGACATCA 

811 TAACCACXyLTAAAAACCCTTTCGCGACCATCACCCCTTATO^ 

-""KKRFATITAYDYSPAKX.PAOECLMVML 



901 OCrrAGGCGATTCOCTCGCCATCWCGGTTCACWCAC^ 

VGDSLGMTVQOHDSTLPVTVEDIAYHTAAV 



991 ACGTCGCOOCGCOCCAAAcixMXTCCTGTTTOCT^ 

RROAPNCLLLADLPFMAYATPEQAFENAAT 

1081 OCTTATWCTWC«?rOCCMTAT«rrc 

VMRAGANMVKIEOCBWLVETVKMLTERAVP 



1171 TXn-ATCTWrCACTTAGGTTTAACCCCACACTCAGTGAAW 

VCGHL6LTPQSVNIF00YKVQGRCDEAQD0 

1361 w:tgctcagccato:attagccttagaagccoctgoogcw:acct^^ 

LL8DALALBAACAQLLVLECVPVELAKRIT 

1351 CGAAGCACTWCATCCCCOTATro«:AT^^ 

BAliAI PVIOIOAQNVTDGQILVMHDAPGIT 

1441 COGCOCri^CATTXXTAAA'iTCCCTAMAArrrc 

CCHIPKFAKNPLAETODIRAAVRQYMAEVE 

1531 CTCCGGCGTTTATCCGOGCOAAOAACACAOTTrCCATTAAGGAOT^ 

fiCVYPGEEHSFH Btop ^ 

1631 ATrCGCCOCXTOXPTATOGW^GGCAAGCGCGTOGC^^ 

FIG 3 Sequence of the 1.7-lcbp fragment which complemented the panB mutation. The nucleotide sequence of the 1.7-kb £coIU-5fl/l 
insert in pcSol is shown with the translated sequence of the putative fimbria! protein precursor (ORFl) wid that of the translatedpim^ gene 
shown below. The postulated ribosome binding site for panB is overlincd, and the putative -10 and -35 promoter regions arc boxed. The 
amino acid sequence dctehnincd experimentally froih the purified protein is underUned. H, EcoRl site; 5. San site. 



four-Step procedure, detailed in Materials and Methcxls, 
which closely followed the original purification from wild- 
type £. colt (28). A crude cell lysatc was subjected to 
anion-exchange chromatography, ammonium sulfate precip- 
itation, gel filtration, and finally, a heat treatment. A 16-fold 
purification of KPHMT was achieved with a 57% recovery of 
activity (Table 2). The purification was followed by SDS- 
PAGE, and the heat-Ueated sample appeared as a single 
band of 29.000 Da in Coomassie (Fig. 5)- and silver-stained 
gels. 

Ana^is of purified KPHMT* N-terminal sequence analy- 
sis of the first 15 residues of purified KPHMT confirmed the 
translational start of the panB gene (underlined in Fig. 3) and 
the predicted protein sequence. The purified KPHMT sam- 
ple was also subjected to electrospray mass spectrometry 
(10) (data not shown) and was shown to have a subunit 
molecular weight of 28,178 ± 5 (predicted molecular weight. 



28,179). The native was determined by gel filtration on a 
Superose 12 HRlO/30 column to be 174,000, suggesting that 
the enzyme is a hcxamer. The K„ value of KPHMT was 
determined for ketopantoate in the reverse enzyme-cata- 
lyred reaction to be 0.15 mM. This compares well with that 
of 0.16 mM, determined by Powers and Snell (21). 

DISCUSSION 

In this paper we report the isolation of the panB gene 
encoding the pantothenate biosynthesis enzyme KPHMT 
from £. coU by functional complementation of an E. coU 
panB mutant (strain Hfr3000 YA139) deficient in KPHMT. 
After transformation of the mutant with a genomic library of 
£. coli DNA, a clone containing a 2.5-kb insert was isolated. 
Transformation of £. coli HfrSOOO YA139 with subclones of 
this initial fragment identified a smaller clone (pCEJOl) with 
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FIG. 4. Northern analysis of transcripts from the ORFl and 
panB genes. Autoradiograph of a Northern blot of RNA extracted 
from E, coU K-12 (lanes 1 and 3) and Hfr3000 YA139 (lanes 2 and 4) 
probed with an internal fragment of ORFl (lanes 1 and 2} or panB 
(lanes 3 and 4). 
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FIG. 5. SDS-PAGE analysis of ovcrexpressed and purified 
KPHMT. Proteins were electrophoresed on a 15% polyacrylamidc 
gel and visualized with Coomasste blue. Lanes: 1, 12.5 M-g of protein 
from E. coli K-12; 2, 12.5 M-g of protein from £. coU Hfr30OO 
YA139/i)Bhjescript; 3, 12.5 fig of protein from E. coli Hfr3000 
YA139/pCEJ0X; 4, 0.6 jig of purified KPHMT; M, marker proteins 
(bovine serum albumin (66 kDa], ovalbumin (45 kOa], glyccralde- 
hyde-3-phosphate dehydrogenase [36 kDa], carbonic anhydrase [29 
kDa), trypsinogen [24 kDaJ, trypsinogen inhibitor (20 kDa), and 
o-lactalbumin (14 kDa]). 



a 1.7-kb insert which included the entire panB gene. Se- 
quence analysis revealed two ORFs of 660 and 792 bp. The 
smaller ORF shows sequence similarity to fimbrial protein 
precursor sequences (12, 17, 22, 29, 30). The second ORF of 
792 nucleotides was confirmed as encoding KPHMT, by 
transformation of the £. coli panB mutaiit with a series of 
nested deletions of CEJOl; only those which did not inter- 
rupt this second ORF complemented the panB mutation. 

When the amino acid sequence of panB was used to screen 
the available protein data bases (Swissprot, PIR, and Gen- 
Bank) with the program FASTA, no similar proteins were 
identified. In contrast, when it was compared directly to 
enzymes known to carry out similar reactions, with tetrahy- 
drofolate as cofactor, it was found to have some weak 
similarity to a region of serine hydroxymethyltransferases 
from several bacterial sources (Fig. 6), However, it is not 
possible to draw any conclusions about the functional sig- 
nificance of this, if any, until more is known about the 
binding of tetrahydrofolate to these enzymes: 

KPHMT activity in £. coli Hfr3000 YA139 harboring 
plasmid pCEJOl was 50-fold greater than levels in wild-type 
E, cod (Table 1), presumably because of the high copy 
number of the pBluescript vector. It was therefore irelativefy 
straightforward to purify KPHMT to homogeneity from the 
rescued mutant. The preparation yielded a single protein of 
29,000 Da on SDS-PAGE (Fig. 5). N-terminal protein se- 
quence analysis of this band confirmed the predicted trans- 
lational start of the panB gene and the sequence of the first 
15 residues. Significantly, the sequenciiig confirmed that the 
second residue is lysine, not tyrosine as had been reported 
by Powers and Snell (21). 

The subunit molecular weight of KPHMT was determined 
by elcctrospray mass spectrometry to be 28,178 ± 5. This is 



in agreement with the predicted molecular weight of 28,179 
and shows that there is no posttranslational modification of 
the enzyme. The native molecular mass of KPHMT was 
determined by gel filtration to be 174,000 Da, suggesting the 
enzyme is a hexamer. This is smaller than the values of 
285,000 Da (gel filtration) and 255,000 Da (sedimentation 
equilibrium) reported by Teller et al. (28) for the enzyme 
purified from wild-type E. coli, but the yield they obtained 
for the enzyme was low, and their estimation of the subunit 
molecular weight (25,000) was also incorrect. 

By genetic analysis, the panB, panC, and panD genes 
have been found to be closely clustered at 3.1 min of the £. 
coli K-12 genetic map (6, 7). In the same work, the clockwise 
order of the genes was found to be panB panD panC by 
phage Pl-mediated three-factor crosses, and the possibility 
ot&pan operon was proposed. This suggestion is lent further 
support by our finding that the panB transcript is 1.9 kbp 



TABLE 2. Recovery and yield obtained during purification of 
recombinant KPHMT from E. coli HfrSOOO YA139 
containing plasmid pCEJOl 



Sample 



Toul 
protein 
(mg) 



Sp act (mmol 
min"* mg"*) 



% Recovery 
per step 



Overall 
purification 
(fold) 



Crude extract 
DEAE'Sepharose 
70% (NH4)iS04 
Superose 12 
Heat treatment 
Mono Q 



2,100 
20 



3.5 
1.0 
0.53 
0.32 



0.202 

1.133 

3.71 

2.72 

3.89 

3.17 



53 
57 
42 
64 
57 



1 

5.6 
18.4 
13.5 
19.3 
15.6 
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S, coli KPHMT GDS-U3WrVQ--CHDS-TLPV 
**..*.. ** • • * 
E. coli SHMT GDTVUSMNLAHOCmLTHOSPV 
5. typhi SHMT OmVliGMNLAQGGHLTHGSPV 

B. japonicum SHMT GDTFHGLDLAACGHLTHGSPV 

C. Se^uni SHMT GrKILGMDLSKGGHLTHGAKV 

FIG. 6. Alignment of KPHMT with bacterial serine hydroxy- 
methyltransferascs (SHMT). A region of £. coU KPHMT (residues 
44 to 60) is shown aligned with internal sequences of SHNfT from 
Campylobacter jejuni (5), E, coti (20), 5. typhimurium (27), and 
BnufyrHizobium japonicum (23). An asterisk indicates an identical 
residue, and a period indicates a similar one. Gaps (-) have been 
introduced into the KPHMT sequence to improve the alignment. 



(Fig. 4), significantly larger than the size of the panB gene. 
However, since nothing is known about the physical char- 
acteristics of the proteins encoded by panC or panD (and 
thus the sizes of the corresponding genes), whether this 
transcript could encode all three genes or only two requires 
further investigation. What can be concluded is that the 
operon is strongly expressed in actively growing cultures of 
£. coli, which would be expected given the requirement for 
pantothenate-containing cofactors for lipid synthesis. 
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Pantothenate {pan) auxotrophs of Escherichia coli K-12 and Salmortella typhi- 
murium LT2 were characterized by enzymatic and genetic analyses. The panB 
mutants of both organisms and the pan-6 C'partA") mutant of S. typhimurium are 
deficient in ketopantoate hydroxy methyllransferase, whereas the panC mutants 
lack pantothenate synthetase. panD mutants of £. coli K-12 were previously 
shown to be deficient in aspartate 1 -decarboxylase. All mutants showed only a 
single enzyme defect. The finding that the pan-d mutant was deficient in 
ketopantoate hydroxymethyltransferase indicates that the genetic lesion is a panB 
allele. The pa/i-6 mutant therefore is deficient in the utilization of a-ketoisovaler- 
ate rather than the synthesis of a-ketoisovalerate, as originally proposed. The 
order of the pan genes of E. coli K-12 was determined by phage PI -mediated 
three-factor crosses. The clockwise order was found to be aceFpanB panD panC 
tonA on the genetic map of E, coli K-12. The three-factor crosses were greatly 
facilitated by use of a closely linked TnIO transposon as the outside marker. We 
also found that supplementation of £. coli K-12 auxotrophs with a high concentra- 
tion of pantothenate or p-alanine increased the intracellular coenzyme A level 
two- to threefold above the normal level. Supplementation with pamoate or 
ketopantoate resulted in smaller increases. 



Although study of pantothenate biosynthesis 
in Escherichia coli and Salmonella typhimurium 
began over 20 years ago, our knowledge of the 
mechanism and regulation of this pathway re- 
mains fragmentary. For example, the organiza- 
tion of the genes within the cluster of genes at 
min 3 to 4 of the genetic maps of both organisms 
is unknown (3, 24). Also, since the pantothenate 
auxotrophs studied biochemically were derived 
from the genetically cryptic W strain of E. coli 
(15. 25, 30). the genetic and enzymological anal- 
yses have not been complementary. 

In this paper, we report the enzymatic charac- 
terization of the pantothenate {pan) auxotrophs 
of £. coli K-12 and 5. typhimurium LT2 and the 
order of genes within the clustered pan loci of £. 
coli K-12. We also demonstrate that the level of 
coenzyme A (CoA) in E. coli can be increased 
about two- to threefold by excess supplementa- 
tion with pantothenate or p-alanine, whereas 
addition of pantoate gives a much smaller in- 
crease in CoA levels. 

MATERIALS AND METHODS 

Bacterial strains and media. The E. coli strains used 
were derivatives of strain K-12 except for two dcriva- 

t Present address: Department of Microbiology. Iowa State 
University. Ames. lA 50010. 

% Present address: Department of Biochemistry. St. Judc 
Childrens Research Hospital. Memphis, TN 3K10I. 



tivcs of £. voH W used in cross-feeding experiments. 
The S. typhimurium strains were all derivatives of 
strain LT2. Table 1 lists the relevant genotypes and 
sources of these strains. The minimal medium used 
was medium E (27). The concentrations of supple- 
ments added (when specified) were glucose or sodium 
succinate, 0.4%; vitamin-free casein hydrolysatc, 
0.1%; thiamine, 1 mg/litcr; L-amino acids, 10 mg/liter; 
tetracycline-hydrochloride. 10 mg/litcr; and adenine, 
50 mg/liter. The concentrations of pantothenate and its 
precursors were varied as described below. Glucose 
was the msyor carbon source except when scoring ave 
strains, where succinate was used. All cultures were 
grown al 37*'C with vigorous shaking. Growth was 
followed lurbidimetrically (Klett colorimeter, green 
filler). 

GeneUc techniques. The procedures for PI transduc- 
tion (7) and construction of a PI pool of random Tn/0 
insertions (6) have been previously described. The 
zadiiTnlO insertion was obtained by transduction of a 
panB strain, Hfr 3000 YA139, Xopan* Tei' with the PI 
pool. This insertion was then used to construct a 
number of pan strains. Some examples are the con- 
struction of strains SJ2. CY271. CY278. and CY279. 
Strain SJ2 was derived from strain Hfr 3000 YA139 by 
transduction to Tet' with a phage stock grown on the 
original insertion strain and screening for a panB 
recombinant. Strain CY271 was the product of a cross 
of strain AB354 with a PI slock grown on strain SJ2 
and selection on a medium containing tetracycline and 
pantoate but lacking p-alaninc. Strain CY278 was 
constructed by using the SJ2 phage stock to transduce 
a prototrophic strain to Tet*^ on minimal medium. A PI 
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stock was grown on strain CY279 and used to trans- 
duce strain ATI 371 to Tet' on panlothcnate-containing 
medium. The Tcf recombinants were then screened 
for the rare (2 of 145) Tel' strains that remained panC. 
Strain CY278 is one of these Tet' panC recombinants. 
The other pan strains were constructed by analogous 
crosses (Table 1). 

Cras-feeding assays. Cross-feeding between pan 
auxotrophs was assayed on plates of medium £ sup- 
plemented with glucose (0.4%). thiamine (1 mg/litcr), 
and any necessary amino acids at 10 mg/liter. In some 
experiments no pantothenate was added, whereas in 
others 0.05 ^.M pantothenate was present. The cross- 
streaks contained about lO' washed bacteria per ml. 

Enzyme assays. Extracts were made from cells 
grown to late log phase in medium E supplemented 
with glucose, thiamine, casein hydrolysatc, any re- 
quired amino acids, and pantothenate (2 |i.M). The 
cells were harvested, suspended in 0.1 M potassium 
phosphate containing 10 mM 2-mercaptoelhanol (pH 
6.8). disrupted in a French press at 18,000 lb/i^^ and 
centrifuged (15.000 x g for 10 min). The supernatant 
was dialyzed against the same buffer ovemis^t at 4%. 

Aspartate 1 -decarboxylase was assayed as previous- 
ly described (7) except that the entire deproteinized 
supernatant (0.25 ml) was applied to the preadsorbant 
area of a Whatman L6 thin-layer plate. A unit of 
decarboxylase activity is a picomole of ^-alanine 
formed per minute. Pantothenate synthetase was as- 
sayed by conversion of p-[l-"Clalanine to pantothe- 
nate by the method of Miyatake et al. (18) with the 
following modifications. The pH was lowered to pH 
8.1 (the S. typhimurium enzyme was inactive al pH 
10), the incubation temperature was 37'*C. and the p- 
alanine concenlrution was 3 mM (1,100 dpm/nmol). 
We also decreased the reaction volume to 0.1 ml and 
added KCI to IS mM. It should be noted that the S. 
typhimurium enzyme reaction was linear only up to 10 
^g of crude extract protein per reaction, whereas the 
£. coU K*12 enzyme reaction was linear to 50 ^.g per 
reaction. 

Ketopantoate hydroxymcthyltransferase was as- 
sayed by incorporation of H**CHO (10 mCi/mmol; 
New England Nuclear Corp.) into ketopantoate. The 
assay mixture was identical to that of Teller et al. (25), 
except that the assay volume was reduced to 50 ^1 and 
the specific activity of the H**CHO was increased. 
The dimcdon assay of Taylor and Weissbach (24) 
replaced the cumbersome method of assaying HCHO 
incorporation previously used (25). After incubation of 
the assay mixture at 3TC (in a 13 by 100-mm screw- 
cap tube). 0.5 ml of 0.6 M sodium acetate buffer. pH 
4.5 (containing 0.4 M HCHO), and 0.45 ml of 0.4 M 
dimedon in 50% ethanol were added. The lubes were 
capped, placed in boiling water for 5 to 10 min, and 
cooled. CHCh (3 ml) was added, the tubes were 
centrifuged. and 0.2 to 0.4 ml of the upper (water- 
ethanol) phase (1 ml) was removed for scintillation 
counting. This is a modification of the Taylor and 
Weissbach (24) method in that formation of the dimc- 
don adduct was used to remove unreacted H'*CHO 
from the water phase rather than to assay production 
of H"CHO. The substitution of CHCIj for toluene in 
the dimcdon extraction facilitated pipetting of the 
aqueous phase. This procedure removed >94% of the 
unreacted H^CHO from the aqueous phase. Similar 
results were found using CCI4. 



All enzyme assays were linear with respect to 
protein concentration and time. Dialyzed extracts 
showed essentially absolute dependencies on each of 
the substrates of the reaction. Scintillation counting 
was done in PCS (Amersham Corp.) with an efficiency 
of 88 to 91%. Protein concentrations were determined 
by a biuret procedure (12). using bovine serum albu- 
min as the standard. 

Determination of CoA levels. The strains were grown 
overnight from a single colony in medium E containing 
glucose, casein hydrolysatc (vitamin-free), the re- 
quired amino acids, and 1 m-M pantothenate. The 
cultures were harvested on a membrane filler (Milli- 
pore HA, 0.45 m-^)* washed with medium £, and 
resuspended in the same growth medium lacking pan- 
tothenate. Pantothenate or its precursors were added 
as specified. The cultures (50 ml) were grown from 5 x 
10' to 10* cells/ml until mid to late log phase (5 x 10" to 
8 X 10" cells/ml) with vigorous aeration. The cultures 
were harvested well before the onset of stationary 
phase (which can decrease CoA levels [1)). The cul- 
tures were harvested by membrane filtration, washed 
with medium E, eluted from the filter with medium E, 
and concentrated by centrifugation. The cell pellet was 
suspended in 0.9 ml of water and placed on ice. Formic 
acid (0.1 ml of 1 M) was added (final pH 2.3); after 30 
min on ice. cellular debris was removed by centrifuga- 
tion. and the supernatant was neutralized with ammo- 
nium hydroxide (14). CoA concentrations were deter- 
mined by the cycling assay of AUred and Guy (2) after 
reduction of the samples with dithiothreitol. This 
assay measures the total cellular CoA, including CoA 
disulfide, the mixed disulfide of CoA with glutathione, 
and acetyl-CoA (2, 14). 

RESULTS 

Preliminary classification of pan auxotrophs. 
The auxotrophs of £. coli K-12 and S, typhimur- 
ium LT2 were of three distinct classes: panB, 
panC, and panD (Table 1 and Fig. 1). panB 
mutants grow on pantothenic acid, pantoic acid 
(or its lactone), and ketopantoic acid but do not 
respond to p-alanine or a-ketoisovaleric acid. 
panC mutants grow only on pantothenic acid; 
none of the other compounds cither alone or in 
combination (e.g.. p-alanine plus pantoic acid) 
elicits growth. panD mutants of E. coli K-12 
respond only to pantothenate or p-alanine (7). 
Mutants of 5. typhimurium responding to p- 
alanine have been reported (19), but these 
strains have not been available to other labora- 
tories* The S, typhimurium collection contains 
one strain, pan-6, thai responds to a-kctoisova- 
Icratc (or valine) as well as to each of the 
compounds that support growth of panB strains. 
This strain was thought to represent a fourth 
genetic locus (called panA), but enzymatic anal- 
ysis (see below) indicated that the pan-6 lesion is 
an allele of the panB locus. 

Cross-feeding experiments among these 
strains and the biochemically characterized £. 
coli W strains (15, 25, 30) supported this classifi- 
cation. panC strains cross-fed all other auxo- 
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TABLE I. Bacterial strains 



Strain 



E. coU K-12 
AB3S2 
AB354 
AB2638 
AT1371 
CY257 
CY271 
CY27A 
CY277 
CY278 
CY279 
CY280 
CY282 
CY285 
SJ2 

Hfr 3000 YA139 

AccFlO 

UB1005 

WNl 
E. coli W 

M99-1 

M99-2 
5. typhimurium LT2 

LT2 

pan-2 



Relevant genotype 



Source 



pan* 

panD2 

panC5 

panC4 

panB6 

paHB6 

panD2 Tn/0 

punD2 panB6 

panC4 TniO 

pan* TntO 

pan* Tn/0 

pan* Tn!0 aceFlO 

panD2 panB6 Tn/0 

p<inB6 TnW 

aceFIO 

pan* 

pan* 

panC 
panD 

pan* 
panB6 
panB4 
panC2 



" Coli Genetic Stock Center. Yale University. New Haven, Conn. 
* The Tn/0 in all cases is the zadiiTnlO discussed in the text. 
"* The donor in the PI transduction is the strain in parentheses. 
*^ This strain has formerly been referred to as panA (sec text). 



E. Adclberg (CGSC-) 
E. Adelberg (CGSC) 

E. Adelberg (CGSC) 
A. L. Taylor (CGSC) 
Laboratory strain (7) 
P1(SJ2) X AB354' 
P1(CY279) X AB354 
PUCY276) X CY257 
P1(CY279) X AT1371 
P1(SJ2) X WNl 
PUCY279) X AB354 
PUCY279) X AceFIO 
P1(CY277) X AB354 
Sec text 

F. Jacob (7) 

U. Henning (CGSC) 
Laboratory strain 
Laboratory strain 



Davis (16) 
Davis (16) 



J. Roth 

K. Sanderson (10) 
K. Sanderson (10) 
K. Sanderson (10) 



irophs but were not cross-fed, panB and panD 
auxoirophs mutually cross-fed, and all the other 
auxotrophs cross-fed the pan-S strain. No mu- 
Unts in the same nutritional class were able to 
cross-feed one another. 

Enzymatic analysis of pantothenate auxo- 
trophs. The results of enzymatic analysis (Table 



2) were those expected from the cross-feeding 
and nutritional data and previous enzymatic 
analysis of the E, coli W auxotrophs (15, 25. 30). 
The panC mutants lacked pantothenate synthe- 
tase, and panB mutants were deficient in keto- 
pamoate hydroxymcthyltransferase. As previ- 
ously demonstrated (7), panD mutants lack 



CH, O 
H-C - C-COOH 
CM, 



CH, THF 
O'kctotsovoltric ocid 



I. (panB) H IfH, 5 

HO-C -C - C-COOH 



H CMj NAOPH NAOP 

kttopontoic acid 



H fH, ^ 

HO-C -C - C-COOH 
t I I 
H CH, H 

pontoic ocid 



COOM 


COOH 


CH. '^■'^"'i 


CH, 


HC-NH, COi 


MC-NH, 


COOH 


H 


osportic ocid 





H CM, OH 0 H H 

X III III 

ftfp H CM>M H H M 

pantothenic ocid 



FIG. I . Pantothenate synthesis in £. coli and 5. typhimurium. The reaction steps arc numbered, and the gene 
loci believed to code for the cnzynrjcs catalyzing the steps arc given in parentheses. Step 1 is catalyzed by 
ketopantoatc hydrx)xymclhyltransfcrase; step 2 could occur on free acid (as drawn) by using ketopantoate 
reductase or as the lactone with ketopanloyl lactone reductase (28. 29). Step 3 is catalyzed by pantothenate 
synthetase, and step 4 is catalyzed by aspartate 1 -decarboxylase. The systematic name for kclopantoic acid is 2- 
kcto-4-hydroxy-3, 3-dimclhylbutyric acid. See the text for discussion of this scheme. 
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TABLE 2, Enzymatic characterization of pantothenate auxotrophs*' 



Sp act (U/mg of protein) 



Strain 


pan allele 


Transferase 


Synthetase 


Decarboxylase 


E. coUK-n 








3.1 


AB352 


+ 


2.5 


8.1 


CY271 


B 


0.12 


8.7 


5.5 


AB2836 


C 


2.9 


0.002 


9.5 


AT1371 


C 


3.7 


<0.001 


3.4 


AB354 


D 


3.7 


8.4 


<0.005 


5. typhimurium LT2 










LT2 


+ 


2,7 


3.1 


2.3 


pan'6 




0.06 


3.1 


3.3 


pan-4 


B 


<0.01 


3.4 


5.4 


pan-2 


C 


2.5 


<0.007 


5.5 



" The enzymes assayed were ketopantoate hydroxymclhyltransferase, pantothenate synthetase, and aspartate 
1-decarboxylasc. A unit of the first two enzymes is 1 nmol of product formed per min, whereas a unit of 
decarboxylase activity is a 1 pmol of p-alanine formed per min. All of the E. coli decarboxylase data except that 
of strain AB2836 arc from reference 7. 



aspartate 1 -decarboxylase. No pleiotrophic ef- 
fects were found; each class of auxotroph was 
deficient in only one enzyme. However, one 
clarifying result was obtained: the pan-6 mutant 
of S. typhimurium was severely deficient in 
ketopantoate^ hydroxymethyltransferase activi- 
ty. The activity of this enzyme in crude extracts 
was very low, and this residual activity was 
unusually labile to storage and purification on 
DEAE-cellulose. Although these properties pre- 
cluded a kinetic analysis, the pan-d enzyme was 
inhibited at high a-ketoisovalerate concentra- 
tions (10 to 200 mM). whereas the enzyme from 
strain LT2 showed normal saturation kinetics 
(Km -1/mM). The defective ketopantoate hy- 
droxymethyltransferase activity of the pan-d 
mutant indicated that the lesion is in the 
panB gene rather than in a locus concerned with 
a-kctoisovaleratc synthesis as proposed by De- 
merec and co-workers (10). 

Order of the pan lod of £, coU K-12. The panB, 
-C. and -D loci are closely clustered at min 3.1 of 
the E, coli K-12 genetic map (3. 7). However, 
the order of genes within the cluster was un- 
known due to the lack of a closely linked, readily 
scored outside marker. We used a TnIO transpo- 
son inserted very close to (but outside) the pan 
cluster to order these genes. The particular Tn/0 
insertion was isolated by transduction of a panB 
strain to pan'*^ Tcf with a phage PI stock grown 
on a pool of insertions formed by transposition 
from a phage X TnW vector (6). The insertion 
chosen was 99.6% linked to the pan locus (631 
colonies scored) and 32.3% linked to the aceF 
locus (353 colonies scored) by PI transduction 
(selection for TetO. 

We first ordered the TnW insertion in relation 
to pan and the outside markers aceF (min 2.7) 
and tonA (min 3.4). If the TnIO insertion was in 
the aceF donor strain, prototrophic Tct^ recom- 



binants were readily formed (Table 3, cross 1). 
However, if the donor was a TnIO panB strain 
(cross 2). no prototrophic Tct' recombinants 
were found. These results were interpreted in 
the standard manner; formation of Tet*^ recombi- 
nants always required only two crossover 
events, whereas formation of Tet*^ protolrophs 
required either two or four crossover events, 
depending upon the gene order. In cross 1, Tct"^ 
prototrophs were formed by two crossovers, 
whereas four crossovers were needed to form 
such recombinants in cross 2. Thus, the data 
were consistent only with the clockwise order 
aceF panB TnW. A cross similar to cross 1 with 
a panC recipient gave the order aceFpanC TnW 
(data not shown). Three-factor crosses using the 
TnW insertion panB and tonA were consistent 
with crosses 1 and 2 and indicated the clockwise 
order panB TnW tonA (data not shown). The 
positive selection for the TnW element greatly 
simplified the scoring of three-factor crosses and 
avoided the difficulty in scoring pan auxotrophs 
caused by heavy cross-feeding by neighboring 
pan^ colonies. 

Crosses were then performed among the three 
types of pan auxotrophs, the donor strain carry- 
ing the TnW insertion. The relative diflFerences 
between the two-crossover and four-crossover 
classes were 20-fold or greater. Crosses 3 and 4 
indicated the order panB panD Tn/0, whereas 
crosses 5 and 6 gave the order panZ? panC TnW. 
The relative order of panB and panC (crosses 7 
and 8) was shown to be panB panC TnW. Thus, 
the overall clockwise order was unambiguously 
panB panD panC TnW. This order was con- 
firmed by cross 9, in which the TnIO and the 
panC* allele of the donor were recombined with 
the panB* and panD* alleles of the recipient 
with the frequency expected for a two-factor 
cross. A further confirmation was that strains 
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Cross 



TABLE 3. Order of pan genes of £. coli K-U*' 



Donor 



Recipient 



Total Tct^ 
recombinants formed 



1 CY282 Tn/0 aceF CY257 panB 

2 SJ2 TnW panB AceFlO uveF 

3 CY276 TnlO panD CY257 panB 

4 SJ2 Tn/O panB AB354 panD 

5 CYlieTnlOpanD AT\31\ panC 

6 CY278 TnlO panC AB354 panD 

7 SJ2 Tny(? panfl ATI 371 panC 

8 CY278 Tn/0 p«nC CY257 panB 

9 CY277 Tn/<? panD panB AT1371 p«rtC 



397 
160 
343 
162 
76 
86 
26 
135 
480 



Tet' prototrophic 
recombinants formed 

447 

0 
0 

24 
16 

0 

8 

0 
30 



Tct' proioirophs 

112.6 
<0.6 
<0.3 

14.8 

21.1 
<1.2 

26.5 
<0.7 
6.3 



- After adsorption of the transducing phage, half of the washed cells were plated on medium containing both 
tetracycline and pantothenate (total Tct' recombinants formed) or letracyclme without pantothenate (let 
prototrophic recombinants formed). In crosses 1 and 2. the supplemented plates also contained acetate. 



requiring both p-alanine and panloic acid {panB 
panD) were readily (12% frequency) recovered 
from the pantolhenate-containing plates of cross 
3, whereas the colonies from the pantothenate- 
containing plates of cross 4 were either panB 
(94%) or panD (6%); no panB panD colonics 
were found. 

Does pantothenate biosynthesis regtilate CoA 
levels? Brown (5) reported that the intracellular 
CoA levels of £. coli and other bacteria could be 
increased 9.2-fold by supplementation of the 
culture medium with pantothenate. Alberts and 
Vagelos (1) showed that the intracellular con- 
centration of CoA could be altered (12- to 15- 
fold) by the level of pantothenate supplementa- 
tion in an E. coli K-12 panB strain. Growth was 
normal over this range of pantothenate concen- 
trations (1). However, the value (0.1 nmol/mg, 
dry weight) reported by Brown (5) for the CoA 
content of £. coli grown without pantothenate 
was much lower than more recent estimates (13, 
14); thus, it was unclear if pantothenate biosyn- 
thesis regulates the CoA level of this organism. 
For these reasons we reexamined the effect of 
various levels of pantothenate and its precursors 
to determine if the CoA level of E. coli could be 
expanded by excess supplementation with these 
precursors and if all precursors were equally 
active. For the purposes of the latter consider- 
ation, various pan auxotrophs constructed dur- 
ing the mapping experiments were used to en- 
sure entry of the precursors. Wild-type strains of 
E, coli excrete copious amounts of pantothenate 
(9» 11, 16), causing uptake of added pantothe- 
nate and its precursors to be very inefficient. 

Supplementation of cultures of E. coli panto- 
thenate auxotrophs with 100 \M pantothenate 
increased the intracellular level of CoA by 2- to 
2.5-fold over that found in closely related wild- 
type strains (Table 4). Supplementation with p- 
alanine resulted in similar increases in CoA 
levels. However, supplementation with pantoate 
or ketopantoate gave only about a 50% increase 



in CoA levels even in the presence of 100 fiM 
pamoate or ketopantoate. This insensitivity to 
pantoate supplementation was not due to limita- 
tion of the rate of pantoate accumulation, be- 
cause supplementation of a panB panD auxo- 
troph (strain CY285) with high concentrations 
(100 \xM) of both pantoic acid and p-alanine gave 
the same increase in CoA level as did supple- 
mentation with 100 \iM pantothenate (data not 
shown). 

DISCUSSION 

Enzymatic analysis of the coli K-12 and 5. 
typhimurium pan auxotrophs gave results con- 
sistent with those expected from the supplemen- 
tation and cross-feeding experiments as well as 
previous work on £. coli W (15, 25, 30). The 
most important result was that the pan-6 mutant 
of 5. typhimurium had a defective ketopantoate 
hydroxy methyltransferase. Demerec and co- 
workers (10) concluded that the growth of the 
pan-t strain on a-ketoisovaleric acid or panto- 
thenate indicated a deficiency in the synthesis of 
(x-ketoisovaleric acid. Recently, Cronan (7) 
pointed out that such a strain would require 
valine when grown on pantothenate (only 0.1 
jtM pantothenate is required for growth, thus 
precluding the possibility of conversion of pan- 
tothenate to valine or a valine precursor). 
Cronan (7) therefore proposed that the pan'6 
(**panA'l strain contained a mutant ketopan- 
toate hydroxymelhyltransferase having an ele- 
vated Km for a-ketoisovaleric acid. Another 
possibility was that the a-ketovalerate pool uti- 
lized for pantothenate was different from that 
transaminated to valine. However. W. A. Wha- 
len and C. M. Berg (Genetics 97:S112, 1981) 
recently reported that an £. coli strain lacking 
transaminase C and the enzymes of a-ketoisova- 
lerate synthesis required pantothenate in addi- 
tion to valine, isoleucine, and leucine. Hence, it 
is clear that the valine synthetic pathway pro- 
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TABLE 4. Co A levels in cultures supplemented with pantothenate or its precursors 



Strain 


Genotype 


CY280 


pan* 


AB352 


pan* 


AB3S4 


panD 


AB354 


panD 


AB354 


panD 


AB354 


panD 


CY271 


panB 


CY271 


panB 


CY271 


panB 


CY271 


panB 


CY271 


panB 


CY271 


panB 



Supplement 



CoA level 
(ntnol/nng, dry weight) 



None 
None 

1 pantothenate 
100 M.M pantothenate 
10 p.M p-alanine" 
100 M.M ^-alanine 
1 \M pantothenate 
100 M.M pantothenate 
1 pantoate 
100 |iM pantoate 
1 M-M kctopantoate 
100 ketopantoate 



0.29 
0.33 
0,34 
0.74 
0.48 
0.85 
0.36 
0.60 
0.48 
0.49 
0.48 
0.49 



" The unusually high f«quircmcnt for p-alaninc of strain AB354 is due to at least two factors. First» the 
threonine and leucine required by this strain inhibited the rate of uptake about twofold (presumably through 
compcUtion for the neutral amino acid transport system). Second, thr* leu* derivatives of AB354 required about 
twice the level of p-alanine for full growth as that required by strain SJ16 (11) and other strains carrying the 
panD2 lesion, although the initial rate and affinity of p-alanine transport were normal. Thus, strain AB354 seems 
deficient in the utilization of p-alaninc (or its derivatives). 



vides the a-ketoisovalerate for pantothenate 
synthesis. 

The pan'6 mutant is severely deficient in 
ketopantoate hydroxy methy It ransferase activi- 
ty, although the activity is significantly greater 
than that of the panB strain tested (Table 2). 
Unfortunately, we were unable to measure the 
Kfrt of the pa/i-6 transferase due to its low 
activity, instability, and inhibition by high a- 
ketoisovalerate concentrations. However, this 
abnormal inhibition did indicate an altered bind- 
ing of a-ketoiso valerate by the pan-S enzyme. 
These data demonstrate that the mutant is 
an allele of the panB locus, and the *'panA'' 
locus should be deleted from the genetic map of 
S, typhimurium LT2. It should be noted that 
Demerec et al, (10) reported that the pan-6 and 
panB mutants were genetically complementary 
by abortive transduction. However, no data 
were given, and complementation can readily be 
attributed to intragenic rather than intergenic 
complementation. The ketopantoate hydroxy- 
methyltransferase of £. coti K-12 is a homodeca- 
meric enzyme (25), and therefore complementa- 
tion due to subunit mixing seems likely. 

E. coli K-12 pan auxotrophs fall clearly into 
three classes, panB, panC, and panD, by phys- 
iological, enzymatic, and genetic criteria. The 
three genes are closely linked in the clockwise 
order ace F panB panD panC tonA. These three 
genes, perhaps together with genes coding for 
enzymes involved in converting pantothenate to 
4'-phosphopanthetheine, may comprise an opcr- 
on. However, no evidence currently exists for or 
against this possibility. 

We have found that supplementation of £. coli 
K-12 pan auxotrophs with pantothenate or p- 
alanine increases the CoA pool two- to threefold 



over the normal level. The 10-fold variations in 
CoA levels that can be engendered in £. coli pan 
auxotrophs (1, 11, 20. 26), therefore, are the 
product of both low CoA levels due to pantothe- 
nate limitotion and elevated CoA levels due to 
(pantothenate supplementation. 

The rate-limiting step in the conversion of 
pantothenate to CoA appears to be the phos- 
phorylation of pantothenate by pantothenate ki- 
nase (11). This conclusion is based on the copi- 
ous excretion of pantothenate by £. coli (9, 11, 
16). Over 90% of the pantothenate synthesized 
in £, coli is excreted rather than utilized for CoA 
and acyl carrier protein synthesis (11). For this 
reason the reactions of pantothenate biosynthe- 
sis cannot be considered in the usual sense to 
limit the rate of CoA synthesis (11). However, 
supplementation of the growth medium with 
excess pantothenate did increase the CoA level, 
implying that regulation at the pantothenate ki- 
nase step is not absolute. The external supple- 
ment presumably increases the intracellular pan- 
tothenate level (-10 jiM calculated from 
reference 11) by facilitated diflFusion (17). which 
in turn increases the rate of pantothenate phos- 
phorylation. 

P-Alanine supplementation increased CoA 
levels markedly, whereas supplementation with 
excess pantoate or ketopantoate was much less 
effective (Table 4). This finding argues that 
cellular synthesis of p-alanine limits pantothe- 
nate production in wild-type strains but that the 
synthesis of pantoate is sufficient. Indeed, bioas- 
say of the medium of the wild-type strain 
UB1005 suggested that excess pantoate is pro- 
duced during growth. The medium supported 
full growth of 2i panB strain at a fivefold-greater 
dilution than that required for full growth of 
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either a panC or a panD strain. This result 
implies accumulation of free pamoate (or keto- 
pantoate or both) in the medium. 

Loewen (14) measured the CoA levels of £. 
coli B grown without pantothenate. We obtained 
two- to threefold greater levels of CoA in our £. 
coli K-12 strains upon supplementation with 
excess pantothenate or p-alanine. These levels 
of CoA were very similar to those found in other 
strains of E. coli supplemented with excess 
pantothenate or p-alanine (1. 5. 11, 20, 26). The 
unusually low level of CoA reported for E. coli 
grown in the absence of pantothenate by Brown 
(5) seems spurious and can probably be attribut- 
ed to the condition of growth (1). It should be 
noted that Loewen (13) recently reported ex- 
tremely high levels of CoA in several E. coli K- 
12 strains. However, the original data in that 
paper are inconsistent with the tabulated values 
and seem in agreement with the values reported 
in his previous paper (14), Our data and those of 
others (1, 11, 20) demonstrate that E. coli grows 
normally over a 10-fold range of CoA levels and 
that strict regulation of the CoA pool is not 
required for growth. 

The apparent lack of regulatory mechanisms 
controlling the rate of pantothenate synthesis in 
E. coli could be expected because strict regula- 
tion of the intracellular level of CoA is not 
required for growth. Moreover, the pantothe- 
nate synthetic pathway requires only a few 
enzymes, and the mass of cellular material con- 
sumed in synthesis of pantothenate is low com- 
pared with the mass of the amino acids from 
which pantothenate is derived. The synthesis of 
pantoate consumes 10% of the amount of a- 
ketoisovalerate used in valine synthesis, and the 
synthesis of 3-alanine consumes <2% of the 
cellular aspartate. For these reasons, the meta- 
bolic cost of regulating this pathway could ex- 
ceed the cost of the seemingly wasteful overpro- 
duction and excretion of pantothenate. 
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D-Pantothenate is synthesized via four enzymes from ketoisovalerate, which is an intermediate of branched - 
chain amino acid synthesis. We quantified three of these enzyme activities in Corynebacterium glutamicum and 
determined specific activities ranging from 0.00014 to 0.001 iimol/min mg (protein)"'. The genes encoding the 
ketopantoatehydroxymethyl transferase and the pantothenate synthetase were cloned^ sequenced, and func- 
tionally characterized. These studies suggest thai panBC constitutes an operon. By using panC, an assay system 
was developed to quantify D-pantothenate. The wild type of C. glutamicum was found to accumulate 9 |Jt.g of this 
vitamin per liter. A strain was constructed (i) to abolish L-isoleucine synthesis, (ii) to result in increased 
ketoisovalerate formation, and (iii) to enable its further conversion to D-pantothenate. The best resulting strain 
has ilvA deleted from its chromosome and has two plasmids to overexpress genes of ketoisovalerate iUvBNCD) 
and D-pantothenate (panBC) synthesis. With this strain a D-pantothenate accumulation of up to 1 g/liter is 
achieved, which is a lO'-fold increase in concentration compared to that of the original wild-type strain. From 
the series of strains analyzed it follows that an increased ketoisovalerate availability is mandatory to direct the 
metabolite flux into the D-pantothenate-specific part of the pathway and that the availability of p-alanine is 
essential for D-pantothenate formation. 



D-Pantothenate is a water-soluble vitamin required as a 
pharmaceutical and a feed additive. About 4,000 tons of pan- 
tothenate are produced annually (48). The present method of 
production depends for the most part on chemical synthesis 
from bulk chemicals. However, this synthesis requires the op- 
tical resolution of raccmic intermediates. Therefore, a variety 
of routes have been assayed to improve its synthesis, including 
enzyme conversions (41). One of the processes of D-pantothe- 
nate synthesis uses a lactonohydrolase activity of Fusarium oxy- 
sporum, which catalyzes the slereospecific hydrolysis of chem- 
ically made D,L-pantolactone to generate D-pantolactone as a 
chiral building block for its further chemical conversion to d- 
pantothenate (19). Therefore, there is still potential for further 
improving D-pantothenate production, for instance, by its di- 
rect microbial synthesis. 

In Escherichia coli the specific biosynthesis pathway of this 
vitamin consists of only four steps (Fig. 1). The first reaction, 
catalyzed by the ketopantoatehydroxymethyl transferase, uses 
the L-valine intermediate 2-ketoisovalerate to generate keto- 
pantoate, which is reduced to D-pantoic acid. An aspartate- 
a-decarboxylase activity generates p-alanine, which is ligated 
with pantoic acid to yield D-pantothenate. The respective en- 
zymes of E. coli and Salmonella typhimurium have been char- 
acterized, and the corresponding genes have been identified 
(11, 15). Also for Bacillus subtilis, transferase and ketopantoate 
reductase activities have been demonstrated (1). In general, 
three different mechanisms of p-alanine formation are thought 
to be present in microorganisms (41), 

We are interested in metabolite flux analysis in the gram- 
positive bacterium Corynebacterium glutamicum (25). This bac- 
terium is used for the large-scale production of t-lysinc and 
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L-glutamate (22). It has a high capacity to supply precursor 
metabolites (26), and its molecular physiology of amino acid 
synthesis has been analyzed in detail (36). We have also de- 
veloped strains producing L-isoleucine (7), the synthesis of 
which uses enzymes in part identical to those required for 
the synthesis of L-valine (Fig. 1). Due to the linkage of the 
branched-chain amino acid synthesis with the short reaction 
sequence of D-paniothenate synthesis, the analysis of D-panto- 
thenaie formation with C glutamicum is an attractive target. 
Moreover, a closely related bacterium, Brevibacterium ammo- 
niagenes, has already been reported to accumulate coenzyme 
A, which is synthesized from D-pantothenate (42). In the pres- 
ent work, we analyze enzymes and genes involved in D-panto- 
thenate synthesis by C. glutamicum and study their use, to- 
gether with genes of branched-chain amino acid synthesis, for 
the direct microbial synthesis of D-pantothenate. 

MATERIALS AND METHODS 

Strains, plasmids, and cultivations. The strains and plasmids used are shown 
in Table 1. C giutamicum was grown on brain heart infusion medium or minimal 
medium CGXl] (20). £. coli was grown in Luria broth or minimal medium M9 
(45). The cultivations of strains containing the pEKx2 plasmids were done in ihe 
presence of 1 mM IPTG (isopropyl-p-o-lhiogalactopyranoside) added 5 h after 
inoculation. 

Metabolite quan till cations, o- Pantothenate was quantified in a microbiologi- 
cal assay with C. giutamicum R127:^/tC (this work). For this purpose, cells of 
this strain were prccultivated overnight on brain heart infusion medium (with 25 
M.g of kanamycin [Difco]), washed twice with 9 g of NaQ per liter, and inoculated 
into minimal medium CGXII (with 25 jig of kanamycin) to obtain an initial 
optical density at 600 nm (OD«w) of 0.5. This served to deprive the ceils of 
D-pantothenate. Although o-pantothenate had not been supplied, growth of the 
cells was possible up lo an OD«>o of about 20 (the control strain, C. glutamicum 
R127, reaches an OD«xi of about 40). One milliliter of the pantolhcnate-dc- 
prived culture (taken after 30 h) was mixed with 700 of glycerol and stored at 
-70°C. Sixty- microliter aliquou of these stocks were used to inoculate assay 
tubes. These assay lubes (Falcon 2057; Becton and Dickinson) contained 3 ml of 
four-thirds concentrated CGXII medium (with 25 jxg of Icanamycin), 1 ml of 
Sterile filtered D-pantothcnate sample, and C. glutamicum R\27::panC (60 p.i). 
Tubes were cultivated for 40 h at 30"C with shaking, and the ODh,j,j was deter- 
mined. On the basis of results from this procedure, growth is linearly dependent 
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FIG. 1. The pathway of D-pantothcnatc biosynthesis and its integration into 
the synthesis of branched-chain amino acids. 



on the concentration of D-pantothenate over a broad concentration range (Fig. 
2), which is a clear advantage compared to the standard D~pantothenatc deter- 
mination with Lactobacillus plantamm ATCC 8014 according to the U.S. Phar- 
macopoeia) Convention. When assays for one sample were repeated, the stan- 
dard deviation for 10 ng of opantothenate per ml was ±0.9 ng. The assay is 
linear in the range from 0 to 100 ng of D-pantothenate per assay (4 ml). In the 
case of nonlinear growth obtained with new glycerol stock cultures of the panC 
mutant, the inoculum varied between 60 and lOO 

t- Valine and p-alanine were quantified by automated precolumn derivatiza- 
tion with orf/io-phthaldialdehyde (24), followed by reversed- phase chromatog- 
raphy with fluorometric detection (model HP LC1090; Hewlett Packard), a- 
Kctoisovalerate was derivatized with diaminomethcxybenzole (12) and again 
quantified by reversed-phase chromatography and fluorometric detection. 

Enzyme activity detemiiDaUons. A crude extract of cells taken from the late- 
exponential phase was prepared by sonication. The level of ketopantoate- 
hydroxymethyl transferase activity was determined by quantifying the keto- 
isovalerate formation from ketopantoate. The assay mixture consisted of 71 mM 
potassium phosphate (pH 6.8), I mM MgS04, 3.6 mM ketopantoate, and 0,71 
mM tetrahydrofolate. The reaction was started by the addition of the crude 
extract, which was equilibrated prior to use on PDIO columns (LKB- Pharmacia) 
with 100 mM potassium phosphate (pH 6.8), and was run at 37*C for 60 min. 

The pantothenate synthetase activity was assayed, with minor modifications, as 
described previously (29). The assay mixture consisted of 100 mM Tris-HQ (pH 
10), 10 mM MgS04, 5 mM D,L-pantoate, 5 mM p-alanine, and 10 mM ATP. 
After the addition of the crude extract the assay mixture was incubated at 30°C 
for 40 min, and the assay was then terminated by the addition of 5 volumes of 
isatoic acid anhydride (to a concentration of 3.2 mM in dimelhylformamidc). 



This enabled the quantification of pantothenate by reversed-phase chromatog- 
raphy as described by Julliard (18). 

The aspartate a -decarboxylase activity was quantified by p-alanine formation 
in a reaaion mixture containing 100 mM potassium phosphate buffer (pH 7.5), 
5 mM EDTA (pH 7.5), and 5 mM L-aspartate. The reaction was started by the 
addition of the crude extract to the mixture and was run for 60 min at ZTC. 

Gene bank and sequence analysis. The gene bank used was as described 
previously (32). The sequence for both strands of the 2,164-bp fragment was 
determined by the didcoxy chain termination method on subclones derived from 
exonuclcase treatment of pURl.l and pURl.2. Additional sequence information 
covering xylB was obtained by primer walking. 

Plasmid constnictions. All plasmid constructions were done in £. coti DHSomcr. 
Plasmid pJCUlvBNCD was obtained by ligating a 2.6-kb A?wil fragment contain- 
ing ilvD into the BflmHI site of pKK5 (2). To obtain pECM3//vflWC a 5.7-kb 
fragment of pKK5 encompassing ilvBNC was cloned into the EcoKV site of 
pECM3. Additionally, a 5.7-kb XbaX fragment (iivBNC) of pKK5 and a 3.1-kb 
Xba\ fragment (ilvD) were ligated with £coR V-digested pECM3 to yield pECM3 
ilvBNCD. Plasmid pBC7panD was constructed by ligating a 900-bp PvuU frag- 
ment of pDKSl, containing ponD of E. coli (35), with 5ffwl-digested pEC7. To 
construct pEKEx^nflC, the 5' region of panB was amplified with the primers 
S'GATCGTCGACCATCACATCTATACTCATGCCC and 5' ACCCGATGTG 
GCCGACAACC. The resulting PCR fragment was treated with Sail and EcoR\ 
and ligated with the identically treated pEKEx2. The plasmid obtained was 
cleaved with EcoRl and ligated with the 1.8-kb £coRI fragment of pURl, 
containing the 3' end of panB and panC. 

Strain constructions. To construct the HvA deletion mutant of C. glutamicum 
ATCC 13032, the 242-bp B$n\ fragment of ilvA was deleted in pBM2I (30). 
Subsequently, the fragment with the deletion was excised as a 1.3-kb EcoKX 



TABLE 1. Strains and plasmids used in this study 

Strain or „ , u . • / \ Reference 

' Re evanl characterislic(s) ^„ 

plasmid or source 



E. coU 






S17-1 


Mobilizing strain 


43 


SJ2 


panB mutant 


5 


DV39 


panC mutant 


47 


C. glutamicwn 






ATCC 13032 


Wild type 




ATCC 13032 


itvA deletion mutant 


This work 








R127 


Restriction negative 


23 


R127;:oifl 


ORF 1 integration mutant 


This work 


R 1 27: .ponC 


panC integration mutant 


This work 


L. plantarum 






ATCC 8014 


Pantothenate auxotroph 





Plasmids 

pJCl E. coli-C glutamicum shuttle vector, Kan' 3 

pZl £. coli-C glutamicum shuttle vector, Kan' 27 

pURl pBR322 with 9.3- kb chromosomal This work 

SauWlA fragment encompassing 

panBC and JcylB 

pURl.l pUC19 with 2.4-kb SspVf\ul\ fragment This work 

encompassing panB 
pURl.2 pUC18 with 3.9-kb SspVSai] fragment This work 

encompassing panBC 
pECHpanD pEC7 with 900-bp fragment encompass- This work 

ing panD of £. coU 
pEC7 E. coli-C. glutamicum shuttle vector, Cm' 10 

pSCMIvBNCD pKK5 with 2.6-kb Xba\ fragment encom- This work 

passing ilvD 

piCMlvBNC pJCl with 5.7-kb HindUl/EcoRl fragment This work 

encompassing ilvBNC 
pKK5 pJC4 with 5.7-kb //indIIl/£coRI frag- 2 

ment encompassing ilvBNC 
pECM3UvBNCD pECM3 with 5.7-kb Xba] fragment en- This work 

compassing ilvBNC and 3.1-kb Xba\ 

fragment encompassing itvD 
pECM3ilvBNC pECM3 with 5.7-//mdUI/£coRI fragment This work 

encompassing ilvBNC 
pECM3 Shuttle vector, derived from pECM2, Cm* 16 

pZXpanBC pZl with 3.5- kb ScalfSal\ fragment en- This work 

compassing panBC 

pZlpanC pZl with 2.4-kb BstBWSal] fragment This work 

encompassing panC 
pEKEx2 Expression vector, Kan' Ptac 9 
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□-Pantothenate [pg/l] 

FIG. 2. D-Pantothenate quantification for C glutamicumvpanC (■) and 
L. pianianim (#). The D-pantothenate concentration given is the final concen- 
tration in the assay. 



fragment, which was ligated with pK19mobsacB (39). The resulting mobilizable 
£*. coU vector enabled the transfer of the deletion into the chromosome of C. 
gtutamicum by two rounds of positive selection. The deletion was confirmed by 
PCR. 

To construct the panC Insertion mutant of C. gtutamicum R127, an internal 
m-bppanC fragment was amplified with the primers 5'GTTCGCACCCGATG 
TGGAGG and 5'ATGCACGATCAGGGCGCACC. The fragment was cloned 
into the Smal site of pUCl8 with the SurcClone ligation kit (Amcrsham), sub- 
sequently excised as an EcoRVSall fragment, and finally ligated with EcoR\/Sal\- 
treated pKlSmob (39). The resulting vector was transferred to C. glutamicum via 
conjugation (38), and kanamycin -resistant transconjuganis were obtained. One 
strain selected was termed C glutamicum Rl 27: ^xinC. Its i> pantothenate auxo- 
trophy was verified, as well as the vector integration into the chromosome. 

To construct the open reading frame (ORF) 1 insertion mutant of C. ^utami- 
cum R127, an internal 202-bp ORF 1 fragment was amplified with the primers 
5'GATCGAATTCCCGATTAAATCGCGGAGACGG and 5'GATCGTCGAC 
CTTTGCTGCCGATTCAAGTG. The fragment was digested with £coRl and 
Sail and ligated with the£cQRI/5a/l-treated pK19mobsacB. This vector was used 
to construct C. glutamicum R127::orfl, whose correct integration of the vector 
into ORF 1 was verified via PCR, 

Nucleotide sequence accession number. The sequence for both strands of the 
2,164-bp fragment was deposited in the EMBL and GenBank databases under 
accession no. X96580. 

RESULTS 

Clonmg and sequence analysis of panBC, The E. coli panB 
mutant SJ2 (4) was transformed to ampicillin resistance with 
genomic DNA of C glutamicum ATCC 13032 ligated with 
pBR322. This yielded eight plasmids able to restore the growth 
of SJ2 on minimal medium plates. They were found to contain 
three different inserts of 9.3, 2.1, and 1.8 kb, respectively. The 
insert in the largest plasmid, named pURl (Fig. 3), was as- 
sayed by a Southern blot analysis of 5cal-digested chromo- 
somal DNA (data not shown) with the 1,5-kb PvuUISaR frag- 
ment as a probe. This confirmed the origin and structural 
identity of the large fragment cloned. The isolated plasmids 
were used to assay for an additional complementation of the 
panC mutation of E. coli DV39 (47). Plasmid pURl comple- 
mented this mutation, whereas the two smaller plasmids failed 
to do so. To further confine the complementing functions, 
several subclones were made. Whereas pURl.l only com- 
plemented the mutation in £. coli SJ2, pURl.2 complemented 
the mutations of both £, coli strains. A nucleotide sequence of 
2.2 kb from the Insert of pURl was determined on both 
strands, whereas the sequence for an adjacent 1.5-kb part was 
established on one strand only (Fig. 3). 

The sequence analyses identified four ORFs. ORF 1 exhibits 
no identities with known sequences. Inactivation of ORF 1 in 



C glutamicum R127::orfl resulted in a decreased growth rate 
(jji = 0.31 h~^ \L = 0.38 h"' [for C. glutamicum R1271), which 
could not be restored by the addition of D-pantothenate (data 
not shown). Interestingly, amino acid residues 64 to 89 encod- 
ed by ORF 1 fit exactly to the consensus sequence of the 
helbt-turn-helbc motif of LysR-type regulators (40). Therefore, 
it is proposed that ORF 1 encodes a transcriptional regulator 
which is functionally not related to D-pantothenate synthesis in 
C. glutamicum. The deduced amino acid sequence encoded by 
the second ORF (nucleotides 351 to 1166) exhibits a high 
identity with PanB, as does that encoded by the third ORF 
(nucleotides 1166 to 2005) with PanC polypeptides. The high- 
est identities are shared with PanB of Mycobacterium tubercu- 
losis (52%) and PanC of Schizosaccharomyces pombe (45%), 
respectively. The fourth ORF is located on the strand opposite 
to that of the pan genes. Its deduced polypeptide shows sig- 
nificant homology to xylulokinases (encoded by xylB). 

Enzyme activity determinations. To functionally character- 
ize the genes, enzyme activity determinations in the homolo- 
gous background were performed. For this purpose, the Seal! 
San fragment of pURl.2 was ligated with the coli-C. gluta- 
micum shuttle vector pZl (27) to yield pZXpanBC and with the 
BstEWISati fragment to yield pZlpanC (Fig. 3). With these 
plasmids the wild type of C. glutamicum was transformed. The 
resulting recombinant strains were grown on minimal medium, 
and cells were harvested for activity determinations. 

The ketopantoatehydroxymelhyl transferase activity {panB) 
was determined in a novel assay based on the quantification of 
keioisovalerate formed from ketopantoate (see Materials and 
Methods). With C. glutamicum! pLlpanBC a specific activity of 
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FIG. 3. Overview of the cloned and subcloned chromosomal fragmenu (A), 
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TABLE 2. Enzyme activities of D-pantothenate synthesis 
in C glutamic um, and£. coli" 

Sp act (nmol/min/mg 
Enzyme and stram *^ of protein) 

Ketopantoate hydroxymcthyltransferase 

C. glutamicum 0.14 

C glutamicum pZlpanBC 1.9 

C glutamicum pEKEiOpanBC 1.9 

Ecoli 3-7 

Pantothenate synthetase 

C. glutamicum I 

C glutamicum pXXpanBC 12 

C glutamicum pZlpanC 1 

£. coli 4.2 

Aspartate decarboxylase 

C. glutamicum 0.11 

£ coli 0.004-0.17 

" The £. coli data are given for comparison. They arc taken from the following 
references: 4 and 49 (decarboxylase), 29 (synthetase), and 17 and 46 (transfer- 
ase). 



1.9 nmol/min/mg of protein was obtained, whereas the control 
yielded an activity of 0.14 nmol/min/mg of protein (Table 2). 
This -IS-foid increase in synthesis confirms the identity of 
panB. It is reported that D-paniothenate and D-pantoate inhibit 
the transferase activity in E, coli (33) and salicylate the enzyme 
in S. typhimurium (34). Therefore, these compounds were in- 
cluded individually at 10 mM concentrations in the enzyme 
assay with the extract of C. glutamicum. Only a marginal effect 
with D-pantothenate was detected, but D,L-pantoate reduced 
the transferase activity to 20% and salicylate to 22%. 

The activity of the pantothenate synthetase (encoded by 
panC) was determined in C glutamicumfpLXpanSC , It is 12 
nmol/min/mg of protein, opposed to 1 nmol/min/mg of pro- 
tein in the control (Table 2). However, with C. glutamicum! 
pZApanC^ no increased specific activity was detected. This sug- 
gests the organization of panBC as an operon, as indicated 
from the sequence of the cluster. 

In addition to the quantification of the transferase and syn- 
thase activities, we also assayed C. glutamicum for aspartate 
decarboxylase activity with a novel assay by quantification of 
P-alanine via high-pressure liquid chromatography. As shown 
in Table 2, this enzyme has a specific activity of 0.11 nmol/ 
min/mg of protein. For comparison Table 2 also includes de- 
carboxylase, transferase, and synthetase activities for E. coli. It 
can be seen that the enzyme activities in E. coli are in the same 
order of magnitude, except that of the transferase, which is at 
least 1 order of magnitude higher. 

D-Pantothenate formation by the wild type. To assay for 
D-pantothenate accumulation by C glutamicum, the wild type 
was grown in minimal medium. In samples of sterile filtered 
culture supematants, D-pantothenate was quantified in the as- 
say developed (see Materials and Methods). As can be seen in 
Fig. 4, there is only a very weak accumulation of maximal 42 
nM D-pantothenate in culture supematants, which is in accord 
with the low activities and/or a tight control of D-pantothenate 
synthesis. The unexpected time course of the D-pantothenate 
concentrations shown in Fig. 4 was verified in a separate ex- 
periment. With the wild type of E. coli a D-pantothenate 
accumulation of 3 mg/liter has been reported (14). In an ad- 
ditional experiment a recombinant C. glutamicum strain was 
made and assayed for D-pantothenate formation. This strain 
was C glutamicum/pZlpanBC, which additionally contained 
the plasmid-encoded L-aspartate decarboxylase (panD) of E. 



coli (see Materials and Methods). This strain overexpressing 
three of the D-pantothenale biosynthesis genes again exhibited 
a time course of D-pantothenate accumulation almost identical 
to that of the wild type and also not exceeding 42 nM as the 
highest concentration. Further engineering was therefore re- 
quired. 

Increased D-pantothenate formation by ilvA deletion. We 

first assayed the consequences of the deletion of the threonine 
dehydratase gene ilvA on a flux increase towards D-pantothe- 
nate. This was based on the idea that due to the prevention of 
L-isoleucine synthesis an increased pyruvate availability could 
result in increased keloisovalerate accumulation with further 
conversion to D-pantothenate (Fig. 1). By the application of 
two rounds of positive selection for the presence and absence 
of vector sequences, respectively (39), a C glutamicum wild- 
type derivative was constructed with the internal 242-bp BgUl 
ftagment of ilvA deleted from the chromosome. The D-panto- 
thenate concentration after 24 h of cultivation in minimal 
medium by the C. glutamicum ilvA deletion mutant obtained 
was 236 nM, which is about a fivefold increase compared to 
that of the wild type (see above). 

L-Valine accumulation by overexpressing ilv genes. Based on 
the increased D-pantothenate accumulation as a consequence 
of the ilvA deletion, a further flux increase was attempted by 
overexpressing the common genes required for L-valine and 
L-isoleucine synthesis (Fig. 1). For this purpose pKK5 encod- 
ing ilvBNC (2) was used, thus resulting in high-level acetohy- 
droxy acid synthase and isomeroreductase activities. In addi- 
tion the recently cloned ilvD gene (30a) was used. This gene 
was ligated with pKK5 to yield pJCUlvBNCD. As a further 
construct pECM3ilvBNCD was made, which confers chloram- 
phenicol resistance in contrast to pJCiilvBNCD, The plasmids 
were used to transform C glutamicum and its ilvA deletion 
mutant. The strains constructed were cultivated in minimal 
medium, and i.-valine accumulations were determined after 
48 h of cuhivation when glucose was consumed. The highest 
L-valine concentration obtained was 79 mM, whereas the wild 
type accumulated only 1 mM (Fig. 5). The strains with the ilvA 
deletions accumulated higher L-valine concentrations than the 
ilvA'*' strains. Furthermore, ilvD overexpression is necessary to 
obtain the maximal L-valine accumulation. As a third outcome, 
it is evident that the basis vector itself influences L-valine ac- 
cumulations, although both vectors use the same C. glutami- 
cum replicon. 
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ilvA* itvA* itvA* AitvA Aih/A liltvA £JtvA 



wild pECM3 pECM3 pECM3 pECM3 pJC1 pJC1 
type ItvBNC itvBNCD HvBNC HvBNCD llvBNC itvBNCD 

FIG. S. L- Valine accumulation with isogenic C gfutamtcum strains. Below 
the columns the genotype of each strain is given, which is either iivA^ or 
A(M. The strains additionally carry the plasmid pECM3 or pJCl carrying 
ilvBNC or ilvBNCD, respectively. 

D-Pantothenate accumulation by combined overexpression 
of ilv and pan genes. To exploit the increased capability of 
L-valine formation for increased D-pantothenate accumulation, 
the four ilv genes were overexpressed together with panBC. To 
enable their common overexpression, compatible plasmids 
were required. For this purpose, the chromosomal 2.2-kb frag- 
ment encompassing panBC was engineered, as outlined in Ma- 
terials and Methods, to be cloned into the expression vector 
pEKEx2, which carries the pBLl replicon (37) and confers 
kanamycin resistance, to yield pEK&c^anBC. Furthermore, 
panBC was ligated with pEC7 by using the same replicon 
(but conferring chloramphenicol resistance) to yield pEC7 
panBC. Starting from the C. glutamicum ilvA deletion mu- 
tant carrying pJCUlvBNCD, a C. glutamicum ilvA deletion 
mutant carrying pJClilvBNCD and pEClpanBC was made, 
and starting from the C glutamicum UvA deletion mutant car- 
rying pBCM3ilvBNCDy a C glutamicum ilvA deletion mutant 
carrying pECM3/7vJ5A^CZ) and pEKEx2panBC was made. The 
D-pantothenate accumulations obtained with these strains in 
the standard minimal medium containing 20 mM p-alanine are 
shown in Fig. 6. First of all, the L-valine-producing C. glutami- 
cum ilvA deletion mutant carrying pJClitvBNCD and pEC7 
(control [without panBC overexpressed]) already accumulated 
up to 0.53 mM D-pantolhenate after 49 h (Fig. 6). Without 
^-alanine addition the accumulation was only 0.87 ^.M, thus 
showing the absolute requirement of this amino acid derivative 
for increased D-pantothenate formation (data not shown). 
When additionally panBC was overexpressed (the ilvA deletion 
mutant carrying p3ClilvBNCD and pEOJpanBC) the D-panto- 
thenate was accumulated to a concentration of 2.1 mM. This 
strong effect of panBC overexpression is also apparent with the 
second gene combination. Whereas the ilvA deletion mutant 
carrying pECM3ilvBNCD and pEKEx2 accumulated 0.43 mM 
D-pantothenate, the ilvA deletion mutant carrying pEKEx2 
panBC accumulated as much as a 4.2 mM concentration of the 
vitamin, which is a 10^-fold-higher concentration than that 
obtained with the wild type. After 74 h the pantothenate ac- 
cumulations quantified were almost the same as those at the 
earlier point in time. 

DISCUSSION 

In the present work the genes panB and panC of C. glutami- 
cum were cloned and were found to be clustered. In B. subtilis 



and E. coli an identical organization of the two genes is present 
(28, 44). For the latter organism a transcriptional analysis has 
revealed a significantly larger transcript of panB than expected 
from the size of that gene, suggesting the cotranscription of a 
second gene (17). According to recent genome information 
this could well be panC. There is evidence that in C glutami- 
cum panB and panC constitute an operon. The sequence shows 
that both genes overlap by one nucleotide (Fig. 3), which has 
been demonstrated for amino acid biosynthetic genes to be 
evidence of a close translattonal coupling (31). In addition to 
this structural feature, the functional characterization of pan- 
tothenate synthetase activities supports the conclusion that 
panBC in C. glutamicum forms an operon. Whereas with a 
panBC 'QOT\X?i\mn% fragment an increased synthetase activity 
was the result, this was not the case with a fragment containing 
panC, which included a significant chromosomal part of the 5' 
region of the gene. 

The three enzymes of the D-pantothenate synthesis quanti- 
fied have specific activities of around 1 nmoVmin/mg of pro- 
tein. This is extremely low compared to the specific activities 
of enzymes of amino acid synthesis, which are about 2 orders 
of magnitude higher, or that of enzymes of the central metab- 
olism, whose specific activities are increased by as many as 
3 orders of magnitude. This may be due to difTerent enzyme 
amounts and consequently different expression levels. As the 
expression levels of genes of amino acid synthesis and of the 
central metabolism are shown to be directly related to the de- 
gree of codon bias in C glutamicum (10). as is the case for 
other organisms too, it was interesting to inspect the codon 
usage of the cloned pan genes. This was done together with the 
biotin biosynthesis genes (pioABD) of C. glutamicum (13). This 
analysis revealed that in fact the codon usage of the vitamin 
biosynthesis genes of C. glutamicum is less biased than that of 
the high and moderately expressed genes. As a consequence, 
the preferred codon for vitamin biosynthesis genes is, in 6 of 19 
cases, different from that of the high and moderately expressed 
genes, for which almost exclusively the same codon is used 
(data not shown). Since the D-pantothenate accumulation is in 
part dependent on the vector used (Fig. 6), which might reflect 
different expression levels, the design of pan genes by the use 
of appropriate codons is an option to obtain optimal expres- 
sion levels for increased product accumulation. 

From the enzyme activity determinations it is furthermore 
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FIG. 6. i>Pantothenate accumulation with plasmid-canying strains derived 
from the C. glutamicum ilvA deletion mutant. pJiVv, pJCUlvBNCD; pEilv, pECM 
ZUvBNCD; pE/wn, pBCIpanBC\ pEKpan, pEKBOpanBC; pE, pEC7. 
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evident thai the pathway of D-panlothenate synthesis in the 
gram-positive bacterium C glutamicum is identical to that of 
the gram -negative bacterium E. coli, where p-alanine is not ura- 
cil derived as in plants, for instance. Also the feedback inhibi- 
tion of the ketopantoatehydroxymethyl transferase by pantoate 
is comparable in both organisms (33). The inhibition of the 
transferase activity of C glutamicum by the false feedback 
inhibitor salicylate reflects the situation described for 5. typhi- 
murium (34). An important difference is the inhibition of the 
transferase in E. coli by D-pantothenate. In a concentration of 
2.5 mM this effector reduces the enzyme activity of £. coli by 
about 50% (33), whereas the enzyme of C glutamicum is al- 
most unaffected by 10 mM D-pantothenate. 

The increased D-pantothenate accumulation by C glutami- 
cum required a concerted engineering of the metabolite flux 
similar to that experienced during the construction of L-isoleu- 
cine-producing strains (7). One important feature in obtaining 
a D-pantothenate accumulation is the deletion of ilvA^ which 
encodes the key enzyme of isoleucine synthesis (30). There arc 
three p>ossibilities of explaining this effect. The first is that the 
catalytic activity of the single acetohydroxy acid synthase pres- 
ent in C. glutamicum (20) is, after the deletion of ilvA, exclu- 
sively available for ketoisovalerate synthesis. The second is that 
L-isoleucine no longer exerts its inhibitory effect by an allo- 
steric interaction with the acetohydroxy acid synthase (6). 
The third is that due to the introduced growth limitations, 
increased precursor metabolite concentrations are available 
to enter the biosynthesis pathway. This is known from sev- 
eral examples. For instance, a molecularly introduced growth 
limitation results in an increased L-lysine accumulation by 
C glutamicum (8, 32), and a growth limitation obtained by 
an appropriate process management results in an increased 
L-phenyl alanine accumulation by E. coli (21). 

The successful use of ilvBNCD overexpression to obtain an 
increased D-pantothenate accumulation is due to the increased 
ketoisovalerate availability. Only then docs the panBC overex- 
pression result in a substantial accumulation of D-pantothe- 
nate. It therefore follows that an increased ketoisovalerate 
availability is mandatory to direct the metabolite flux into the 
D-pantothenate-specific part of the pathway with its low spe- 
cific activities. Furthermore, the availability of p-alanine is es- 
sential, since without its addition no substantial amounts of 
D-pantothenate accumulate with the strain constructed. By us- 
ing the appropriate tools and procedures developed in this 
study the low concentration of 10 \x.g of D-pantothenate per 
liter accumulated by the wild type of C glutamicum was in- 
creased to the high concentration of about 1 g of the vitamin 
per liter. A further improvement of C. glutamicum appears pos- 
sible to reach concentrations which are in the range of those 
obtained for the amino acids produced with this organism. 
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